MPH, has also been implicated to be involved in import of preproteins (19) . The gene MPh was identified by its ability to rescue the genetic defect of a mutant impaired in mitochondrial protein import. The gene product was localized to the mitochondrial membranes by using a modified protein carrying an epitope tag. It was proposed that the protein was synthesized with an amino-terminal presequence and thus located in the inner membrane (19) .
The identification and characterization of the inner membrane transport machinery is currently a major goal in the analysis of mitochondrial protein import. A demonstration that the MPI1 gene product is located in the inner membrane and directly participates in the import of preproteins would be an important first step toward this goal.
Here we show that the MPh gene product indeed represents a genuine component of the mitochondrial inner membrane import machinery (MIM) (27) . The ized to the inner membrane and termed MIM44. By a cross-link approach with distinct translocation intermediates of a preprotein, we demonstrate that MIM44 is in close proximity to a preprotein at an early stage of translocation across the inner membrane. Furthermore, we show that preproteins interact with solubilized MIM44.
MATERIALS AND METHODS
Raising of antibodies. The 833-bp internal PstI-EcoRV fragment of the coding region of MPH (amino acid residues 68 to 345) was cloned into the pQE-9 vector of the QIAexpress system (Qiagen) and expressed in Escherichia coli. The recombinant MIM44 fragment, containing six histidine residues, was purified by Ni-nitrilotriacetic acid (NTA) affinity chromatography (42) and used for generation of antibodies in rabbits.
Isolation and subfractionation of mitochondria. S. cerevisiae cells were grown, and mitochondria were isolated by differential centrifugation (7, 12 20 mM N-2-hydroxyeth-1 mM phenylmethylsulfonyl fluoride (PMSF). Membranes and supernatant were then separated by centrifugation for 60 min at 165,000 x g. For extraction at pH 11.5, mitochondria (0.2 mg of protein per ml) were incubated in 100 mM Na2CO3 for 45 min at 00C and then centrifuged for 60 min at 165,000 x g.
Submitochondrial membrane vesicles were produced by swelling, shrinking, and sonication of mitochondria as described previously (31) and resuspended in 10 mM KCl-5 mM HEPES-KOH (pH 7.4)-i mM PMSF. Then 0.25 ml of the vesicles (5 mg of protein; equivalent to 35 mg of protein of mitochondrial start material) was layered onto a linear sucrose gradient (12 ml; 0.85 to 1.6 M sucrose in 10 mM KCl-5 mM HEPES-KOH, pH 7.4) and centrifuged for 16 h at 100,000 x g and 40C. Fractions were collected, and aliquots of 200 jul were subjected to precipitation with trichloroacetic acid and analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and immunodecoration with antisera directed against marker proteins of outer membranes and inner membranes. Standard procedures were used for analysis by SDS-PAGE, transfer to nitrocellulose, immunodecoration, and fluorography (summarized in reference 40).
Import of preproteins into isolated mitochondria and crosslinking. The precursors of a fusion protein between the presequence of Neurospora crassa FO-ATPase subunit 9 and the entire mouse dihydrofolate reductase sequence (Su9-DHFR), MIM44, and cytochrome cl were synthesized in rabbit reticulocyte lysates in the presence of [3 S]methionine (24, 28 and reticulocyte lysate were depleted of ATP by a pretreatment with apyrase (10 U/ml) (26); the import was then performed in the presence of 20 pM oligomycin and without addition of ATP. For accumulation of precursor at the outer membrane, Su9-DHFR and mitochondria were incubated in the presence of 1 ,m valinomycin and 20 pM oligomycin to dissipate the membrane potential across the inner membrane (40) .
For cross-linking, the mitochondria were reisolated through a sucrose cushion (500 mM sucrose, 1 mM EDTA, 10 mM MOPS, pH 7.2), resuspended in SEM, swollen for 15 min at 0°C (formation of mitoplasts as described above), and incubated with 270 ,uM disuccinimidyl suberate (DSS; Pierce) for 20 min at 0°C; 100 mM Tris (pH 7.2) was then added (41) . A precipitation with 7.5% trichloroacetic acid in the presence of 0.0125% deoxycholate was then performed. For immunoprecipitation, the samples were lysed in SDScontaining buffer prior to a 40-fold dilution in 1% (wt/vol) Triton X-100 buffer (18) . Immunoprecipitation was performed in Triton X-100 buffer with protein A-Sepharose (25 the use of peptides corresponding to various sequences of MIM44 and attempts to express complete MIM44 in E. coli, failed. Eventually we succeeded in production of a recombinant protein consisting of an N-terminal tag of six adjacent histidine residues and a 34-kDa fragment of MIM44 (residues 68 to 345) (42) . The hybrid protein was purified via a Ni-metal chelate affinity column and used to generate antibodies in rabbits. The antiserum selectively recognized MIM44 from yeast mitochondria (Fig. 1A ).
This antiserum was used for immunodecoration of MIM44 in mitochondrial subtractions. MIM44 remained associated with swollen mitochondria (mitoplasts) and was in the membrane pellet after sonication of the mitoplasts (Fig. 1B) (where indicated, the mitoplasts were lysed in 1% Triton X-100 before the protease treatment). After precipitation with 7.5% trichloroacetic acid and SDS-PAGE, immunodecoration was performed with antibodies directed against MIM44, ISP42/M0M38, the 17-kDa subunit of complex III (intermembrane space side of the inner membrane) or citrate synthase (matrix).
indicating that MIM44, like ISP42/M0M38, is a mitochondrial membrane protein. Soluble proteins such as the matrix protein superoxide dismutase were found solely in the matrix fraction, and a protein peripherally bound to the matrix side of the inner membrane (Fl-ATPase subunit 1 [F1p]) was partially found in the matrix fraction (Fig. 1B) .
Mitochondria were treated with carbonate at pH 11.5 (10), leading to an extraction of soluble proteins (superoxide dismutase) or peripheral membrane proteins (Flp), while integral membrane proteins (ADP/ATP carrier) were not extracted (Fig. 1C ). MIM44 was extracted from the membranes at pH 11.5 ( Fig. 1C ), suggesting that it was not embedded in the lipid phase of the membrane. This finding is consistent with the primary protein sequence that does not contain a typical hydrophobic membrane anchor sequence (19) . We then examined how stably MIM44 was associated with the membranes by sonication at different salt concentrations (Fig. iD) . MIM44 was found predominantly in the membrane pellet. At high concentrations of NaCl, a minor fraction of MIM44 was released from the membranes (Fig.  1D ). It should be noted that soluble proteins such as superoxide dismutase were completely released to the supernatant in the absence of NaCl (Fig. 1B) , and a major fraction of the peripheral membrane protein Fly was released to the supernatant at low concentrations of NaCl (Fig. 1D ). When the membranes were lysed with detergent, MIM44 was quantitatively found in the supernatant (not shown). We conclude that MIM44 is a firmly associated peripheral mitochondrial membrane protein.
MIM44 is located in the mitochondrial inner membrane. We then investigated whether MIM44 was located in the mitochondrial outer membrane or inner membrane. Submitochondrial vesicles were prepared by a combination of swelling, shrinking, and sonication of mitochondria (31) , and inner and outer membrane vesicles were separated by sucrose density gradient centrifugation ( Fig. 2A) (porin and ISP42/M0M38) demonstrates the high degree of separation of inner membrane and outer membrane vesicles (the outer membrane fraction contained a small amount of inner membrane markers, about 5% of that present in the inner membrane fraction). Immunodecoration with antiserum directed against MIM44 showed a localization of MIM44 in the mitochondrial inner membrane ( Fig. 2A) .
For Fig. 2B , a subfractionation of mitochondria was combined with a protease treatment. MIM44 was not digested by proteinase K in intact mitochondria and upon opening of the intermembrane space (formation of mitoplasts) (Fig. 2B) . The outer membrane protein ISP42/ MOM38 and a protein peripherally associated with the intermembrane space side of the inner membrane (the 17-kDa subunit of complex III of the respiratory chain) (23) were accessible to the protease. MIM44 was digested by the protease only after opening of the mitochondrial matrix by lysis of the membranes with detergent (Fig. 2B) (Fig. 3) . After dissipation of the membrane potential AtI across the inner membrane, the processing and transport to a proteaseprotected location were blocked (Fig. 3) . The import of MIM44 thus shows two characteristics, AtP dependence and proteolytic processing, that are not found with outer membrane proteins (3, 9, 13, 29) but are consistent with a location of MIM44 in the inner membrane.
A preprotein in transit across the mitochondrial membranes is in proximity to MIM44. Is MIM44 part of a putative protein translocation channel of the mitochondrial inner membrane (19, 27) ? To answer this question, we tested whether a preprotein traversing the mitochondrial membranes was in proximity to MIM44.
We used a fusion protein, Su9-DHFR, that is cleaved twice by the processing peptidase upon import into the mitochondrial matrix (24, 28 ate spanning both mitochondrial membranes by incubating it with energized mitochondria at low levels of ATP. Thereby the presequence was partially translocated into the mitochondrial matrix such that the first half was cleaved off by the processing peptidase (Fig. 4) . About half of the accumulated intermediate Su9-DHFR molecules were accessible to externally added protease, indicating that they spanned both mitochondrial membranes (see below). The mitochondria were reisolated, incubated in swelling buffer to open the intermembrane space, and treated with the homobifunctional noncleavable cross-linking reagent DSS. After quenching of the cross-linker, the mitochondria were lysed, and the proteins were analyzed by SDS-PAGE and fluorography. Lane 2 of Figure 4 shows that several cross-link products were formed. In parallel samples, the mitochondria were denatured in SDS and then immunoprecipitated in Triton X-100 buffer. Antiserum against MIM44 precipitated a major cross-link product of about 65 kDa that actually consisted of a double band (Fig. 4, lane 3) . Neither preimmune serum nor antisera directed against the abundant inner membrane proteins ADP/ATP carrier and phosphate carrier precipitated cross-link products (Fig. 4, lanes 5 to 7) , excluding a nonspecific cross-linking to major components of the mitochondrial inner membrane.
Su9-DHFR was also accumulated at the outer membrane in the absence of a membrane potential (Fig. 5, lanes 1 and  2) or was completely imported into the mitochondrial matrix in the presence of ATP and Alt (Fig. 5, lanes 5 and 6) . Under none of these conditions did we observe a cross-linking of the protein to MIM44 (Fig. 5, lanes 9 and 15) , demonstrating that the preprotein had to be arrested in a membranespanning location to be in proximity to MIM44.
MIM44 is involved in an early step of preprotein translocation across the inner membrane. Preprotein translocation across the mitochondrial inner membrane can be divided into two steps (Fig. 6A) . In the first stage, the preprotein spans both outer and inner membranes (translocation contact site intermediate) (28, 38, 44) . In the second stage, the preprotein is completely translocated across the outer membrane and extends from the intermembrane space into the matrix (intermembrane space intermediate) (15, 34) . At low ATP, the intermediate Su9-DHFR accumulated at both stages. About half of the molecules were in the two-membrane-spanning location, as they were processed to the intermediate-size form in the matrix and digested by protease added to the isolated mitochondria (Fig. 6B) . The rest of the intermediate Su9-DHFR molecules was in the onemembrane-spanning location: the processed protein was protected against protease in intact mitochondria yet became accessible to protease after opening of the intermembrane space (Fig. 6B) .
In Fig. 6C , we tested which of the translocation intermediates of Su9-DHFR gave rise to the cross-link product with MIM44. The major cross-link product was found only when the preprotein was accumulated in the two-membrane-spanning fashion (lanes 2 and 6). When the mitochondria were treated with protease, leaving the intermembrane space intermediate (and of course MIM44; see Fig. 2 ) intact, only a very small amount of the cross-link product was observed (Fig. 6C, lanes 4 and 8) . A quantitation revealed that about 4 to 5% of Su9-DHFR at intermediate stage b was cross-linked to MIM44. This represents a high efficiency of cross-linking of preproteins in an organelle (11) . We conclude that MIM44 is in close proximity to a preprotein in an early stage of translocation across the mitochondrial inner membrane, i.e., in a stage in which part of the preprotein is still in the cytosol.
The two bands forming the cross-link product with MIM44 differ in size by about 4 kDa (Fig. 4, 5 , and 6C), the same difference that is found between precursor-and intermediate-size forms of Su9-DHFR. It is thus conceivable that the cross-link products with MIM44 were formed with both the precursor-and intermediate-size forms of Su9-DHFR.
Interaction of preproteins with solubilized MIM44. We examined whether MIM44 has a binding activity for polypeptide chains. Mitochondria were lysed with nonionic detergent and incubated with 35S-labeled precursor proteins that had been synthesized in rabbit reticulocyte lysate. Then immunoprecipitations were performed under nondenaturing conditions with antiserum directed against MIM44 and, as controls, with preimmune serum or unrelated antisera (against proteins not involved in protein import) (Fig. 7A) . We used the precursor of the outer membrane protein porin and precursor proteins that were transported into the inner membrane (cytochrome cl; Fe/S protein of the bc, complex) or across the inner membrane (F1o). A significant association with MIM44 after the immunoprecipitation was found with the precursors of cytochrome cl, Fe/S protein, and F1lo but not porin (Fig. 7A) . The association took place both in the presence and in the absence of ATP (not shown). We VOL. 13, 1993 on conclude that MIM44 is able to form a complex with preproteins.
The precursor of cytochrome cl carries a bipartite presequence. The amino-terminal portion is hydrophilic and positively charged and is required for translocation into the matrix, while the carboxyl-terminal portion of the presequence contains a hydrophobic stretch and is needed for sorting of the protein to the intermembrane space (13) . For  Fig. 7B , the precursor of cytochrome c1 was partially processed to the intermediate-size form that lacks the matrix-targeting sequence (lane 1) or further processed to the intermediate-and mature-size forms by isolated mitochondria (lane 4). The mitochondria were lysed, and immunoprecipitations with anti-MIM44 serum (lanes 3 and 6) or preimmune serum (lanes 2 and 5) were performed under nondenaturing conditions. Lane 3 of Fig. 7B shows that removal of the matrix-targeting sequence strongly decreased the binding efficiency of cytochrome cl to MIM44. Practically no binding was observed with the mature-size cytochrome c1 (Fig. 7B, lane 6 ). This finding supports the conclusion drawn from cross-linking of the translocation intermediate that MIM44 plays a direct role in an early step of preprotein import.
DISCUSSION
MPII is the first essential gene which can be demonstrated to encode a component of the protein import machinery in the mitochondrial inner membrane. We report that MIM44, the product of the MPH gene, shows the characteristics of a mitochondrial inner membrane protein and is in close proximity to a precursor protein at a distinct step of translocation across the inner membrane.
MIM44 was found to behave as a peripheral membrane protein firmly associated with the mitochondrial inner membrane. Import of the precursor of MIM44 required a membrane potential AT across the inner membrane and involved proteolytic processing of the protein, in agreement with a location in the inner membrane. MIM44 was not accessible to protease from the intermembrane space side but became protease accessible after disruption of the inner membrane, indicating that major portions of MIM44 are located in the inner membrane or at the matrix face of the membrane. We previously found that a modified MIM44 carrying a carboxyl-terminal epitope tag was accessible to protease after opening of the intermembrane space (19) . It may thus be speculated that the extreme carboxyl terminus of MIM44 is oriented toward the intermembrane space side.
MIM44 is in close proximity to a preprotein in transit across the inner membrane, as it can be efficiently crosslinked to it, suggesting that MIM44 is part of the inner membrane import machinery. The specificity of the crosslinking approach is underscored by the lack of cross-linking of abundant inner membrane proteins to the preprotein. We analyzed four distinct stages of preprotein translocation into mitochondria (Fig. 6A) : (a) binding to the outer membrane; (b) an early step of translocation across the inner membrane; (c) a late step of translocation across the inner membrane; and (d) complete import into the matrix. The cross-link product with MIM44 was virtually found only with intermediate b, demonstrating that MIM44 is in proximity to a preprotein in an early step of transfer across the inner membrane. This stage-specific cross-linking provides further evidence for the specificity of the cross-link approach used. Although it does not exclude that MIM44 is also involved in a later step (8, 21, 32, 36, 45, 46) . In mitochondria, a seven-subunit protein complex of the outer membrane that performs the tasks of specific recognition and membrane translocation of preproteins was identified (18, 20, 41 the transfer of preproteins while preventing the leakage of ions at the same time (33, 44, 47) . The putative channel thus not only should be a diffusion pore but also must contain components for a binding of preproteins that may trigger an opening of the channel. The results presented here and previously (19) suggest that MIM44 is a component of such an import machinery and is involved in an early function of preprotein translocation across the membrane.
